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SUMMARY

Traumatic brain injury (TBI) is a leading cause of morbidity and disability, with a considerable
socioeconomic burden. Heterogeneity of pathoanatomical subtypes and diversity in the
pathogenesis and extent of injury contribute to differences in the course and outcome of TBI.
Following the primary injury, extensive and lasting damage is sustained through a complex
cascade of events referred to as “secondary injury”. Neuroinflammation is proposed as an
important manipulable aspect of secondary injury in animal and human studies. Because
neuroinflammation can be detrimental or beneficial, before developing immunomodulatory
therapies, it is necessary to better understand the timing and complexity of the immune responses
that follows TBI. With a rapidly increasing body of literature, there is a need for a clear summary
of TBI neuroimmunology. This review presents our current understanding of the immune response
to TBI in a chronological and compartment-based manner, highlighting early changes in gene
expression and initial signaling pathways that lead to activation of innate and adaptive immunity.
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Based on recent advances in our understanding of innate immune cell activation, we propose a
new paradigm to study innate immune cells following TBI that moves away from the existing
M1/M2 classification of activation states towards a stimulus and disease-specific understanding of
polarization state based on transcriptomic and proteomic profiling.
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INTRODUCTION

Traumatic brain injury (TBI) is one of the leading causes of death and disability worldwide,
with a high incidence in both military and civilian populations (Maas et al., 2008). About 1.7
million people in the United States are afflicted by TBI annually, which contributes to 30%
of all injury-related deaths and an annual cost of around $60 billion (Langlois et al., 2006;
Nguyen et al., 2016; Roozenbeek et al., 2013). Traumatic brain injuries are especially
challenging to treat because they are heterogeneous in nature and often induce complex
pathogenesis pathways. The mechanical effects of trauma initiates injurious biochemical
cascades collectively referred to as the “secondary injury” (Bramlett and Dietrich, 2015).
However, because of the heterogeneity of the initital trauma, it is often difficult to
reconstruct the precise events leading from primary to secondary injury (Blumbergs PC,
2008). Clinical outcome following TBI is determined by the nature and severity of the
primary injury as well as additional insults such as hypoxemia, hypotension, and intracranial
fluid dynamics, among others.

Because of all these contributing factors, no effective interventions were shown to improve
functional outcome in survivors despite extensive effort to develop neuroprotective therapies
for TBI patients (Gruenbaum et al., 2016; Janowitz and Menon, 2010; McConeghy et al.,
2012). To better understand TBI pathogenesis and develop treatments, experimental animal
models are routinely used (Marklund and Hillered, 2011; Xiong et al., 2013). The challenge
with animal models is that each one reflects a specific pathoanatomic type of injury and is
influenced by age, gender, and genetic background of the species under investigation, among
other factors. No single model can fully recapitulate all types of primary and secondary
damage observed following human TBI, as well as the complex diversity of injury
mechanisms and other factors that contribute to outcome in a given individual (Saatman et
al., 2008). Inadequate modeling of TBI may be one reason why therapies that showed
promise in preclinical studies have failed in clinical trials (Chakraborty et al., 2016;
Hawryluk and Bullock, 2016; Marklund et al., 2006; Simon et al., 2017), as diverse
pathoanatomic injury subtypes make it challenging to stratify patients in clinical trials
(Margulies et al., 2009) and devise effective therapies.

The key to developing effective therapies for TBI is to better understand and identify the
precise mechanisms underlying TBI-related primary vs. secondary pathology. Primary injury
occurs at the time of head impact and causes direct damage to neural tissue (Maas et al.,
2008). Focal intracranial hemorrhage, epidural and subdural hematoma, brain contusion, and
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direct axonal damage are all examples of primary lesions (Maas et al., 2008). By contrast,
secondary injury develops minutes to months following the mechanical insult, progressively
contributing to neurological impairment. At the cellular level, secondary injury is mediated
by several pathways including, but not limited to: (a) excitotoxicity caused by an excess of
the neurotransmitter glutamate (Dorsett et al., 2017; Faden et al., 1989), (b) free radical
generation causing damage to proteins and phospholipid membranes of neural cells
(Anthonymuthu et al., 2016), and (c) the neuroinflammatory response comprised of local
and systemic immune activation (Simon et al., 2017).

There is increasing interest in the role that the immune system plays in TBI pathogenesis.
Some have proposed that immune modulation might significantly change the clinical
outcome in TBI patients (Bergold, 2016). A sterile immune response develops within
minutes of TBI and includes local signaling in neurons, glia, and recruited peripheral
immune cells that induces an inflammatory cascade (Figure 1) (Corps et al., 2015). The
activation of immune cells evolves over time, possessing both beneficial and pathogenic
components, which might explain why attempts to broadly target immune activation have
been unsuccessful in altering clinical outcome in TBI patients (Edwards et al., 2005; Roberts
et al., 2004). It is therefore of utmost importance to understand the mechanisms underlying
immune activation and function following TBI. A basic premise is that inflammation is
associated with almost all brain injuries. In this review, we provide a panoramic view of the
immunological events that follow TBI and highlight the beneficial vs. pathogenic aspects of
the response. Based on recent advances in our understanding of innate immune cell
activation and classification of macrophage / microglia polarization states, we propose a new
paradigm to study innate immune cells in TBI that moves away from the simplistic M1/M2
classification scheme towards a stimulus and disease-specific delineation of innate immune
functions based on transcriptomic and proteomic profiling. We also highlight several
knowledge gaps in our understanding of how the immune response is temporally influenced
by various types of brain injury and how filling such gaps can guide development of future
TBI therapies.

Innate and adaptive immunity

The immune system is used as a defense against many different pathogens and insults. It can
also participate in the process of wound healing following injury. One arm of the immune
system is classified as “innate” and defined by its ability to rapidly respond in a non-specific
manner, with a limited capacity to remember the antigens it encounters. In addition to
anatomical (e.g. skin) and physiological (e.g. temperature, pH) barriers, the innate immune
system includes cellular effectors such as phagocytes (e.g. neutrophils, macrophages,
microglia, dendritic cells), granulocytes (e.g. eosinophils, basophils, mast cells, neutrophils),
innate lymphoid cells (e.g. natural Killer cells), and unconventional T lymphocytes (e.g. y&
T cells) (Chaplin, 2010; Sonnenberg and Artis, 2015). These effector cells often use pattern
recognition molecules such as Toll-like receptors (TLRs), NOD-like receptors (NLRs), and
scavenger receptors to sense pathogens and danger signals that inititate innate immune
responses (Chaplin, 2010; PrabhuDas et al., 2017). Innate immune cells can then release
chemokines and cytokines that amplify the immune response by recruiting other immune
cells and promoting inter-cellular signaling at the site of injury or infection and distal
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signaling via the circulatory system. Another important component of innate immunity is
complement, which is a family of proteins that have diverse roles in inflammatory processes,
including pro-inflammatory signaling (anaphylatoxins), marking cells for uptake by other
cells (opsonization), and formation of membrane attack complexes that cause direct cellular
damage (Chaplin, 2010; Noris and Remuzzi, 2013). Collectively, the innate system
possesses a diverse array of cellular and molecular defense strategies that slow the progress
of invading pathogens. However, it is important to note that elements of this same system
also participate in tissue remodeling and wound-healing following injury.

The innate immune response sets the stage and is followed by “adaptive” immunity, which is
a more tailored response that typically involves the activation and expansion of T and / or B
lymphocytes. CD8 and CD4 T lymphocytes recognize peptide antigens displayed in major
histocompatibility complexes and can have cytotoxic, helper, or regulatory functions. B
lymphocytes, on the other hand, produce immunoglobulins and can participate in the
activation of T cells (Warrington et al., 2011). Two major characteristics of the adaptive
immune system include antigen-specificity and the ability to “remember” previously
encountered antigens. The latter permits rapid recall responses upon secondary pathogen
challenge (Schenkel and Masopust, 2014; Weisel and Shlomchik, 2017). While the adaptive
immune system plays a critical role in our defense against pathogens, in autoimmunity it can
also be directed against self-antigens. Autoimmune reactions cause tissue pathology and
disease, but some forms of transient autoimmunity that develop after tissue injury can be
beneficial (Schwartz and Raposo, 2014).

Traumatic brain injury models

Human TBI is a heterogenous disease and includes cerebral contusion, concussion, and blast
injury. Cerebral contusion is one of the major subtypes of human TBI modeled in animals. It
is produced by focal brain injury and modeled in the laboratory by weight drop, lateral fluid
percussion, or controlled cortical impact (Marklund et al., 2006; Xiong et al., 2013). The
resulting focal contusions are characterized by parenchymal/extra-axial bleeding, blood
brain barrier (BBB) damage, edema, progressive neuronal death, axon injury, and a robust
parenchymal inflammatory response featuring leukocyte infiltration. On the other end of the
pathological spectrum is concussion, defined as a functional alteration of the brain with less
obvious structural damage on routine conventional imaging, often resulting from impact/
acceleration forces (McCrory et al., 2017). A recent study, for example, demonstrated
evidence of meningeal vascular leakage in ~50% of concussed patients that were determined
to be otherwise normal based on computerized tomography (CT) scans (Roth et al., 2014). A
source of confusion in the TBI literature is the use of the term “mild TBI”, which is often
used interchangeably to describe contusion and concussion models. Because the
inflammatory response to these two pathoanatomical subtypes might be quite different,
meningeal and brain inflammation should be considered in the context of the specific TBI
lesion as well as injury severity. Thus, mild and severe contusion models should be expected
to produce a different inflammatory response than mild or severe concussion models. In
general, concussion models feature gliosis, but a less robust inflammatory response than
contusion. Inflammation is not as well characterized in concussion models. The bias towards
using focal brain injury models to describe inflammation in TBI risks inappropriately
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generalizing these data to concussion, blast, and other pathoanatomic TBI models that may
have their own unique inflammatory responses. This point is underscored by the finding that
targeting the same inflammatory pathways in experimental contusion and concussion models
can result in opposite effects on neurological outcomes (Bermpohl et al., 2007; Khuman et
al., 2011; Park et al., 2012; Zhu et al., 2014). Another type of TBI is induced by blast, which
results in axonal injury / neurodegeneration and has inflammatory features that differ from
contusion and concussion (Xiong et al., 2013). Because of such differences, we will focus
throughout this review only on the concussion and contusion forms of TBI and frame our
discussion of inflammatory responses by including commentary about the specific TBI
model under investigation.

Initial signaling

Expression of inflammatory factors occurs early after TBI, which helps orchestrate the
activities of local and peripherally-derived immune cells. The following is a synopsis of
some key mediators in this process.

Danger signals—Immune signaling in the damaged or infected central nervous system
(CNS) is mediated in part by molecules referred to as damage and pathogen associated
molecules patterns (DAMPs including alarmins and PAMPs, respectively) (Bianchi, 2007).
These molecules interact with receptors such as Toll-like receptors (TLRs) nucleotide-
binding oligomerization domain (NOD) like receptors (NLRs) and scavenger receptors that
serve as “danger” sensors and help initiate the inflammatory cascade (Jounai et al., 2012;
Matzinger, 1994; PrabhuDas et al., 2017). TLR4, which recognizes lipopolysaccharides and
multiple endogenous proteins such as high mobility group box 1 protein (HMGB1), heat
shock proteins (HSPs), low-density lipoprotein, efc., is upregulated in neural and immune
cells following TBI (Lee et al., 2013). Brain injury in humans also induces expression of the
TLR adaptor protein, myeloid differentiation primary response gene 83 (MyD88) (Li et al.,
2013). After recognition of endogenous proteins released by damaged cells (such as
alarmins (Bianchi, 2007) and other DAMPs), a cellular response is triggered that involves
several kinases, including NFxB-inducing kinase (Lee et al., 2013). NFxB expression is
elevated after TBI and associated with increased levels of inflammatory cytokines such as
IL-6 and TNF-a (Hang et al., 2005). The functional role of TLR4 in this process was
examined using controlled cortical impact (CCl), a model of cerebral contusion TBI. In this
study, TLR4-deficient mice had smaller brain lesions and a reduced expression of
inflammatory markers after CCl when compared to wild type controls (Ahmad et al., 2013).
Similarly, a highly selective TLR4 blocker, VGX1027, lessened cerebral edema after TBI in
mice, presumably by blocking HMGB1-induced IL-6 release from microglia and subsequent
upregulation of the water channel, aquaporin 4 (AQP4), on astrocytes (Laird et al., 2014).
HMGBL is a dual function protein that acts as a cytokine and binds chromatin that serves as
a danger signal following tissue injury (Goodwin et al., 1973; Klune et al., 2008; Scaffidi et
al., 2002). Immune cells release this protein (acting as a cytokine), which can bind to TLR4
or the Receptor for Advanced Glycation End products (RAGE) and initiate an inflammatory
response (Klune et al., 2008; Parker et al., 2017; Wang et al., 1999). HGMB1 and RAGE are
expressed in animals and humans following brain injury (Gao et al., 2012), and inhibition of
these pathways reduces BBB breakdown and inflammation (Okuma et al., 2012) as well as
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pulmonary dysfunction following cerebral contusion (Weber et al., 2014). Whether HMGB1
plays a role in concussion TBI remains to be explored.

Heat shock proteins (HSPs) represent another important protein family involved in the
response to tissue damage. HSPs are protein chaperones induced upon cellular stress,
especially during states of injury and wound healing (Binder, 2014; Zuo et al., 2016). HSPs
are known to participate in early TLR / NLR signaling and can even serve as TLR ligands.
Interestingly, HSPs can have both pro- and anti-inflammatory effects. For example, HSPs
can stimulate immune responses by playing an active role in antigen-presentation (Binder,
2014). On the other hand, HSP70 can suppress the lethality associated with tumor necrosis
factor-a. (TNFa) by inhibiting IL-6 and nitric oxide (NO) production (Van Molle et al.,
2002). Following CCl-induced TBI, overexpression of HSP70 reduced brain lesion size,
hemorrhage, and expression of metalloproteinases, whereas the opposite was observed in
HSP70-deficient mice (Kim et al., 2013). Deficiency in HSP110 similarly resulted in
enhanced brain damage following TBI (Eroglu et al., 2014). Modulation of HSPs therefore
has the potential to improve outcome in TBI patients. Along these lines, several studies in
animals have shown that therapeutic induction of HSP70/110 is indeed neuroprotective
(Eroglu et al., 2014; Kim et al., 2015). One recent study used 17-N-allylamino-17-
demethoxygeldanamycin (17-AAG), which is a potent HSP90 antagonist known to increase
HSP70 levels (Kim et al., 2015). Administration of 17-AAG to mice after CCI enhanced
expression of HSP70 in microglia and neurons, reduced brain lesion size, and improved
neurological function. Collectively, these data indicate that HSPs may represent viable
therapeutic targets following contusion TBI (Kim et al., 2012); however, additional studies
are required to determine the temporal contributions of HSPs to brain injury responses in
different TBI models as well as how specific HSPs guide sterile inflammation and wound
healing.

Studies showed that TLRs require the presence of co-receptors such as the scavenger
receptors SCARF1 and CD36, to promote DAMP signaling (Means et al., 2009; PrabhuDas
etal., 2017; Stewart et al., 2010). The role of scavenger receptors in the setting of TBI is an
area where much future work needs to be focused. This may have therapeutic implications as
scavenger receptors have been proposed as targets for therapy in a variety of CNS conditions
including Alzheimer’s Disease (Frenkel et al., 2013; Wilkinson et al., 2011). Of particular
interest is the effect of targeting the scavenger receptors CD36, MEGF10, and SCARF on
the clearance of debris and apototic cells in the CNS (Iram et al., 2016; Loov et al., 2012;
Prabhudas et al., 2014; PrabhuDas et al., 2017; Ramirez-Ortiz et al., 2013). Although danger
signals and their potential receptors are well studied in focal contusion models, their role, if
any, in concussion models is less well investigated and represents a future direction in need
of further investigation.

Purinergic receptors also play an important role in sterile injury responses following CNS
injury (Corps et al., 2015; Davalos et al., 2005; Lou et al., 2016; Nimmerjahn et al., 2005;
Roth et al., 2014; Wang et al., 2004). Tissue damage induces adenosine triphosphate (ATP)
release into the extracellular milieu, which serves as an alarmin that activates the immune
system (Eltzschig et al., 2012; Junger, 2011). The effects of ATP are regulated in part by
glial cells that can promote a stepwise conversion of ATP to adenosine diphosphate (ADP)
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and ultimately adenosine. This is achieved by two different ectoenzymes referred to as
ectonucleoside triphosphate diphosphohydrolasel (CD39) and ecto-5"-nucleotidase (CD73).
Adenosine binds to P1 purinergic receptors, whereas ATP and ADP are the ligands for P2
receptors. The responses elicited by purinergic receptor signaling are diverse and dictated by
the receptor expression pattern, type of immune cells present, nature of the injury and time
post injury. For example, purinergic receptor signaling plays a critical role in the early
activation and morphological transformation of microglia following laser and mild TBI
induced brain injury (Davalos et al., 2005; Nimmerjahn et al., 2005; Roth et al., 2014).
Antagonism of early microglial responses through purinergic receptor blockade resulted in
more damage in models of mild TBI (Lou et al., 2016; Roth et al., 2014). In this context,
inhibiting P2RY 12 function can have detrimental secondary effects on the BBB (Lou et al.,
2016). Microglia also express P2RY6, a UDP receptor that regulates the phagocytic capacity
of these cells (Koizumi et al., 2007), and a recent study demonstrated in a model of focal
cortical contusion that inhibition of this receptor impeded the conversion of microglia into
phagocytes and elevated the number of dead cells in the neocortex (Roth et al., 2014).
Collectively, these data demonstrate purinergic receptor signaling helps to shape the function
of microglia following TBI.

In addition to its effects on microglia, the purinergic system also promotes recruitment of
neutrophils to sites of damage (McDonald et al., 2010; Roth et al., 2014). In a focal TBI
model, P2X7 signaling was shown to promote neutrophil recruitment to the damaged
meninges within 1-3 hours (Roth et al., 2014). These cells migrated exclusively to the
meninges, and transcranial administration of a P2X7 antagonist resulted in enhanced
meningeal damage. These data suggest that early purinergic receptor signaling can promote
neuroprotective immune reactions following CNS injury. Thus, it might be beneficial to
therapeutically agonize these responses or avoid interfering with them in the acute phase of
injury. It remains to be determined how purinergic receptor signaling contributes to the later
phases of the TBI immune response.

The role of the purinergic system is not restricted to microglia and neutrophils. Astrocytes
also express purinergic receptors such as P2RY1. In fact, stimulation of P2RY1 in a closed
head injury model significantly reduced edema, neuronal swelling, and reactive gliosis via a
IP(3)-signaling pathway (Talley Watts et al., 2013). This was attributed to expression of
P2RY1 on astrocytes. In addition to the above pathways, purinergic signaling can also
contribute to activation of inflammasomes. Extracellular ATP released by dying or dead
neurons activates P2X7 receptors on microglia, and possibly astrocytes, that in turn activate
the NLRP3 inflammasome (Kimbler et al., 2012; Mariathasan et al., 2006; Roth et al.,
2014).

Inflammasomes—NLRs are cytosolic receptors for PAMPs and DAMPs. Upon
recognition of DAMPs, a subset of NLR (e.g. NLRP1, NLRC4, NLRC5, NLRP§, etc.) and
non-NLR (e.g. absent in melanoma 2; AIM2) proteins can assemble into a macromolecular
complex referred to as an inflammasome (Gold and EI Khoury, 2015; Martinon et al., 2002).
This structure then promotes cleavage of pro-capase 1 into its active form (capase 1) via
interactions with caspase activation and recruitment domains (CARD) located within the
inflammasome or in association with an adaptor protein referred to as apoptosis-associated
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speck-like protein containing a CARD (ASC) (Freeman and Ting, 2016; Martinon et al.,
2002). Active caspase 1 then induces the generation of mature interleukin-1p (IL-1p) and
IL-18, which play an important role in inducing sterile immune responses following brain
injury (de Rivero Vaccari et al., 2009; Freeman and Ting, 2016; Walsh et al., 2014).

Inflammasomes can be assembled in multiple CNS cell populations, such as microglia,
macrophages, astrocytes, and neurons, and upon activation can participate in the generation
of pro-inflammatory cytokines (Liu et al., 2013; Walsh et al., 2014). Interestingly,
inflammasome proteins such as NLRP1, ASC, and caspase-1 have been detected in the CSF
of patients with moderate and severe TBI, and heightened levels of these proteins correlated
with a more unfavorable neurological outcome (Adamczak et al., 2012). Thus,
inflammasome proteins might serve as a useful biomarker for inflammation and injury
severity in TBI patients. To date, few studies have focused on the role of inflammasome
assembly and activation at different stages of TBI. Using the fluid percussion animal model
of TBI, one study demonstrated that intracerebroventricular injection of anti-ASC antibodies
immediately after injury reduced capase-1 activation as well as IL-1p production and
significantly reduced the brain lesion volume at 3 days post-injury (de Rivero Vaccari et al.,
2009). These data indicate that interference with the inflammasome pathway is
neuroprotective in fluid percussion TBI. However, a recent study showed no benefit of
NLRP1 and ASC knockout on histopathology and motor recovery in a mouse CCI model
(Brickler et al., 2016). Thus, additional studies are required to determine if all
inflammasome activation is uniformly pathogenic following TBI, or whether the effects of
inflammasome activation may be cell type specific (e.g., neurons-NLRP1) (de Rivero
Vaccari et al., 2009) vs. (astrocytes-NRLP3) (Hailer, 2008) and TBI model-dependent.

Inflammatory gene expression—~Following detection of DAMPs and alarmins, a
program of acute inflammatory gene expression is induced that guides the development and
functionality of the ensuing immune response (Lagraoui et al., 2012). Using whole brain
tissue, the pattern of inflammatory gene expression is surprisingly similar between mild
brain injury such as craniotomy alone and craniotomy followed by cerebral contusion (i.e.
CCI) (Lagraoui et al., 2012). Genes associated with chemotaxis (CCL2, CCL3, CCL4,
CXCL1, CXCL4), cytokine signaling (IL-1B, IL-6, IL-12, IFNvy, IL-10, TGF-), antigen
presentation (MHC I, CD74, CD86), phagocytosis (C3, C4, FCGR1, FCGR2, FCGR4), and
astrocyte activation (GFAP, AQP4), among others are all upregulated following craniotomy
alone and craniotomy with CCI (Lagraoui et al., 2012). The primary difference between
these two models of brain injury was the magnitude and duration of inflammatory gene
expression. Expression levels were lower and returned to baseline more quickly (within 10
days) following craniotomy alone. Of note is that the differences observed were measured in
whole brain tissues and not in individual cells. It is not clear if different cells have different
gene expression profiles Kinetics. In a separate study comparing fluid percussion injury
(FP1) with CCI, 89% of the differentially regulated mMRNA observed after mild FPI,
including genes involved in inflammation, were also altered in mild CCI (Redell et al.,
2013). These data suggest that the duration and magnitude of brain inflammation following
TBI may be linked in part to the severity and extent of the initial injury.
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Expression profiling of brain tissue in TBI has been mostly limited to a small number of
genes selected for potential role in the inflammatory response (Morganti et al., 2016) or
focused on whole brain tissue not on individual cells (Lagraoui et al., 2012; Meng et al.,
2017). Global gene expression of individual cells such as microglia, macrophages,
monocytes, or astrocytes has not been evaluated using new methodologies including single
cell RNAseq and thus remains a knowledge gap in the field that needs to be addressed. It is
also critical to understand the temporal patterns of inflammatory gene expression and
immune cell infiltration in all major TBI models (contusion, concussion, repetitive
concussion, blast injury, rotational acceleration, etc.), because it is possible that each model
will reveal unigue inflammatory features. Inflammatory profiles that are initially
neuroprotective may change over time to become maladaptive (or, vice versa) in some
models, but not others. Recent studies indicate that inflammatory gene expression does
indeed change over time, and differences have been noted between the site of injury and
distal brain regions (Almeida-Suhett et al., 2014; Graber et al., 2015; Lagraoui et al., 2012).
There is evidence supporting that a unilateral brain injury resulting in deformation of the
cortex can cause inflammation in ipsilateral and contralateral hippocampus (Almeida-Suhett
et al., 2014). These changes in the hippocampus following focal trauma included
upregulation of CC chemokine ligand 2 (CCL2) and 7 (CCL7), lipocalin-2 (LCN2) and
tissue inhibitor of metalloproteinase 1 (TIMP1) within 24 hrs, followed by increased
expression of low affinity immunoglobulin gamma Fc region receptor 11 (FCGR2), C3,
MHC I, CD74, and Kruppel-like factor 4 (KLF4) at a later time points. Lasting alterations
in CNS gene expression might explain some of the neurological sequelae observed in TBI
patients.

Resident microglial activation

Microglia are sentinel CNS residents and are usually among the first responders to brain
injury (Davalos et al., 2005; Fourgeaud et al., 2016; Kitamura et al., 1978; Nayak et al.,
2014; Nayak et al., 2012; Nimmerjahn et al., 2005; Roth et al., 2014). They are ontologically
distinct from bone-marrow-derived monocytes / macrophages and are derived instead from
primitive macrophages coming from the embryonic yolk sac during development (Ginhoux
et al., 2010). Under steady state conditions, microglia express a cluster of genes that allow
them to sense and screen their surroundings for inflammatory cues, promote neuronal
survival, contribute to activity-dependent synaptic remodeling, and phagocytose damaged
cells (Hickman et al., 2013; Nayak et al., 2014; Tremblay et al., 2011). After focal brain
injury, microglia usually respond within minutes by projecting processes toward the sites of
damage (Davalos et al., 2005; Fourgeaud et al., 2016; Nimmerjahn et al., 2005; Roth et al.,
2014), and noninvasive imaging studies in humans suggest that microglia activation can be
sustained for many years after traumatic brain injury (Ramlackhansingh et al., 2011). Even
in concussion models that lack acute cell death, BBB damage, brain edema, hemorrhage,
parenchymal neutrophil infiltration, and significant axon injury, robust microgliosis and
astrocytosis was observed in injured brain at early and at chronic time points after injury
(Khuman et al., 2011; Kondo et al., 2015; Mannix et al., 2013). Blast injury models also
feature microglial activation (Huber et al., 2016). The microglial response to TBI has
multiple phases that include morphological transformation, electrophysiological changes,
proliferation, migration, release of cytokines / chemokines, and phagocytosis (Chhor et al.,
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2016; Ramlackhansingh et al., 2011). The role of microglia following TBI is often debated,
with some suggesting that they are primarily neurotoxic (Hailer, 2008). However, it is clear
that microglia can be neuroprotective following brain injury. They participate in the cleanup
of dead cells in the parenchyma and help maintain integrity of CNS barrier structures such
as the glial limitans and vasculature (Lou et al., 2016; Roth et al., 2014). Microglia can also
release neurotrophins that may play a role in rebuilding the nervous system following injury
(Elkabes et al., 1996; Nagamoto-Combs et al., 2007). Thus, microglia are not inherently
neurotoxic, and their contribution to TBI lesions should be considered temporally and
contextually.

One of the earliest observable changes that occurs in microglia following mild focal cortical
brain injury is a morphological transformation (Figure 2). Resting state microglia have small
stationary cell bodies with highly dynamic arbors that continually survey the extracellular
space. These arbors rapidly extend toward injury sites as well as the damaged glial limitans,
and this is dependent on purinergic receptor (P2Y6, P2Y12, P2X4) and TAM receptor
tyrosine kinase (AxIl, Mer) mediated signaling (Davalos et al., 2005; Fourgeaud et al., 2016;
Nimmerjahn et al., 2005; Roth et al., 2014). Interference with these signaling pathways
impedes microglial process extension and their ability to converge onto the sites of damage.
The early phase response to brain injury enables microglia to engage the lesion and they
have been shown to help maintain the integrity of critical CNS barrier structures such as the
glial limitans and vasculature (Figure 2) (Lou et al., 2016; Roth et al., 2014). Another crucial
role played by microglia in the acute lesion is phagocytosis. This is mediated in part by
release of uridine diphosphate (UDP) from dead cells, which is detected by P2Y6 on
activated microglia (Koizumi et al., 2007; Roth et al., 2014). P2Y®6 signaling in microglia
facilitates phagocytosis and increases their motility. Recent imaging studies have shown
large phagocytic networks of microglia forming along the damaged glial limitans after mild
focal TBI (Figure 2) (Roth et al., 2014). These cells localized to damaged glial limitans
astrocytes and participated in maintenance of the glial limitans barrier as well as debris
clearance. In this mild focal brain injury model, antagonism of these early purinergic
receptor-dependent microglial responses results in increased brain damage (Roth et al.,
2014).

Brain injury also induces microglial proliferation that starts within 24 hours and can
continue for several weeks depending on the type of lesion (Giordana et al., 1994; Hailer et
al., 1999; Kitamura et al., 1978; Susarla et al., 2014). This can occur following the release of
many factors in the injured tissue such as macrophage colony-stimulating factor (M-CSF),
brain derived neurotrophic factor (BDNF), neurotrophin (NT)-3, IL-1, and CX3CL1
(Ambrosini and Aloisi, 2004; Elkabes et al., 1996; Hicks et al., 1997; Mitrasinovic et al.,
2001). Purinergic receptor signaling via P2X7 also has the potential to promote microglial
proliferation (Bianco et al., 2006; Monif et al., 2009). One potent inhibitor of microglia
proliferation is transforming growth factor (TGF)-p1. While this cytokine has been shown to
be required for development of microglia in vitro (Butovsky et al., 2014), its expression
increases following different types of CNS injury, and it may inhibit the proliferation of both
astrocytes and microglia (Kiefer et al., 1995; Lindholm et al., 1992; Suzumura et al., 1993).
Future studies are required to determine how microglial proliferation contributes to TBI
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lesion development and the precise role of TGF-p1 in this process before deciding whether
to promote or block this response.

In addition to purinergic and TAM receptor signaling, microglia have the ability to sense
DAMPs released from damaged cells via TLRs and NLRs (Hanisch and Kettenmann, 2007).
They can also respond to a variety of other stimuli such as cytokines, chemokines,
complement, neurotrophic factors, glutamate, and ions, among others (Hanisch and
Kettenmann, 2007). Following activation, microglia produce a plethora of inflammatory
mediators such as IL-1, IL-6, IL-12, TNF-a, metalloproteinases, nitric oxide, and reactive
oxygen species (Colton, 2009; Hernandez-Ontiveros et al., 2013). Production of these
mediators can promote the inflammatory reaction by increasing BBB permeability and
facilitating recruitment of peripheral immune cells (Shlosberg et al., 2010; Thal and
Neuhaus, 2014). However, it should be noted that microglia are highly plastic cells, and how
they contribute to a sterile immune reaction is dictated by their state of activation, lesion
severity, interactions with neighboring cells, and the composition of the immune infiltrate
(Saijo and Glass, 2011). In addition, all of these variables can change with time. Thus, no
universal statements can be made about microglia following TBI. It is always important to
focus on the context in which microglia reside, as they harbor the capacity to both repair and
harm the injured CNS.

Several studies have attempted to therapeutically manipulate microglia in animal models of
TBI; however, the interpretation of these studies is usually confounded by the failure to
modulate specific microglia functions. For example, minocycline is a broad spectrum
tetracycline antibiotic often used for its potent anti-inflammatory properties as well as its
ability to suppress microglia / macrophage activation and function (Zemke and Majid,
2004). Minocycline can inhibit 5-lipoxygenase, NFxB nuclear translocation, and
inflammatory cytokine production. Treatment of mice with minocycline following closed
head injury revealed no detectable improvement in neurological outcome at day 4, although
a modest improvement was noted at day 1 post-injury (Bye et al., 2007). By contrast,
minocycline showed some benefit in a weight drop model of TBI (Homsi et al., 2010). Early
treatment resulted in reduced microglial activation, brain lesion size, and locomotor
hyperactivity, although the mechanism of neuroprotection in this study is unclear. Given the
pleiotropic actions of minocycline, it will be important in future studies to interrogate the
role of microglia in TBI using more specific genetic tools (Wieghofer et al., 2015). In this
regard, the effect(s) of targeted deletion of inflammatory genes on the TBI pathogenesis
needs to be conducted in a manner similar to that described in Alzheimer’s disease models
(El Khoury et al., 2007; Frenkel et al., 2013). Alternatively, targeted deletion of specific
genes in microglia using a Cre-lox approach and microglia specific promoters would also
provide deeper insights into the role of microglial genes during TBI (Parkhurst et al., 2013).
It will also be important to determine how anti-inflammatory cytokines, such as 1L-10 and
TGF-B1, specifically influence microglia functions during different stages of TBI (Guillot-
Sestier et al., 2015; Kremlev and Palmer, 2005; Tyor et al., 2002). Microglia are major
participants in brain injury and can certainly promote wound-healing through the release of
many factors, including neurotrophins (Elkabes et al., 1996). Further insights into the
contribution of microglia to TBI lesions will require more precise experimentation using
conditional and inducible microglia promoter-specific gene manipulation.
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Two important confounding factors that also need to be addressed when examining the role
of microglia in TBI are the effects of gender and age on the development, progression and
outcome of injury. The literature looking at the impact of sex disparities is limited (Caplan et
al., 2017). In a recent study, mild-moderate CCI caused cortical microglia/macrophage
activation in male mice peaking between 1 and 7 days. In contrast, CCI caused a less robust
microglia/ macrophage response in females with a biphasic pro-inflammatory pattern that
peaked at 4 h and 7 days, and a delayed anti-inflammatory peak at 30 days (Villapol et al.,
2017). In a different study using moderate to severe CCI in female rats the inflammatory
response peaked between 3-7 days post injury (Turtzo et al., 2014) In order to develop
personalized therapies for TBI, more studies to understand the extent of sex differences,
impact of sex on myeloid cells responses, and influence of circulatory hormonal changes, as
well as other specific mechanisms like cerebral autoregulation, on the inflammatory
response and functional outcomes after brain injury are warranted.

With regard to age, microglial ability to respond to new challenges is reduced with aging at
the level of gene expression as well as functionally (Damani et al., 2011; Hickman et al.,
2013). Young microglia are highly ramified and able to respond vigorously to purinergic
stimuli released after injury. In contrast, aged microglia are less ramified and respond poorly
to injury. It is not clear how these aging related changes would influence the response to
brain injury in young versus aging adults andadditional studies are needed to clarify the role
of age in TBI.

Microglia polarization: Time for reassessment

The existing classification of myeloid cell (e.g. monocytes, macrophages, microglia)
polarization states is based on culturing these cells /n vitro, stimulating them with individual
cytokines such as IFNvy, IL-4, IL-10 or IL-13, and then measuring the expression of a
limited number of genes (Martinez et al., 2006). However, myeloid cells do not encounter
single cytokines in this way /in vivo. During complex disease states, the polarization of
myeloid cells is influenced by a mixture of up and/or downregulated cytokines, adhesion
molecules, cell maturity, and the composition of the surrounding matrix and cellular
partners. Thus, myeloid cell polarization /n vivo depends on a variety of factors and
interactions (Martinez and Gordon, 2014). For example, incubation of cultured human
monocyte-derived macrophages with different cytokines / stimulants resulted in
identification of at least nine different macrophage activation programs (Xue et al., 2014). It
is therefore unlikely that the response to a single cytokine will reflect the actual polarization
state of myeloid cells /i vivo. While there are clear differences between M1 and M2
microglia /n vitro (e.g. phagocytosis, microbial killing, secretory functions), there is also a
considerable degree of functional overlap (Ransohoff, 2016). Oversimplifying the
polarization state into the M1/ M2 paradigm does not reflect the true diversity of microglia /
macrophage functions during complex diseases such as TBI. Microglia, for example, within
the same injured brain tissue may exist in different functional states defined by expression of
adhesion, maturation, effector, and chemoattractant molecules, among others. These states
are linked in part to the anatomical position of the microglia in relation to injured neural
structures such as vasculature, the glia limitans, neurons, white matter, efc. Expression
analysis based on a small subset of genes (labeled M1 or M2) cannot reflect the different
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functional configurations of microglia. To accurately capture functional diversity, RNAseq at
the single cell level can now be used to establish definitive profiles for microglia and other
CNS macrophages during different stages of TBI. A clear illustration of this approach is the
analysis of global gene expression of microglia in aging (Hickman et al., 2013). In this
study, we observed that only 62% of M1 markers were significantly upregulated in microglia
from aged mice, whereas 32% were not significantly changed, and two markers were
downregulated. In contrast, aging was associated with downregulation or no change in 58%
of M1 markers. These findings indicate that even in normal physiological aging, the
polarization of microglia represents a mixed and complex state. We expect such complexity
to appear in several disease states, including TBI.

The role of astrocytes in TBI

Astrocytes are involved in homeostatic functions of the CNS and blood flow control
(Sofroniew and Vinters, 2010). Astrocytes form a functional barrier via the interaction of
their foot processes with the parenchymal basement membrane, termed the glia limitans.
This barrier separates the CNS from blood vessels, perivascular spaces, and the meninges. It
also provides a checkpoint that can control influx of blood-borne immune cells (Sofroniew,
2015). Mechanical shear forces can elicit responses from astroctye mechanoreceptors that
drive transmembrane ion flux, such as potassium efflux, calcium influx as well as secretion
of ATP and glutamate. These ion and small molecule fluxes initiate cytotoxic pathways and
signaling to recruit other immune cells (Burda et al., 2016). Reactive astrogliosis is also
important in scar formation following injury that helps to contain the damage and
inflammatory response to the injured area, thereby limiting spread of those changes to
unaffected CNS areas. In addition, astrocytes also play a role in repairing the BBB and
maintaining homeostasis by providing metabolic support for neurons and their synapses
(Burda et al., 2016; Sofroniew, 2015). Following TBI, reactive astrocytes participate in the
inflammatory response through the HMGB1-RAGE axis by activation of the NFkB pathway
(Gao et al., 2012). This leads to secretion of different chemokines / cytokines and enhanced
astrocyte phagocytic activity (Gao et al., 2012; Pan et al., 2012). Astrocytes also secrete
MMP9 which has a role in BBB alterations after TBI (Pan et al., 2012). Astrocytes interact
with other immune cells, such as microglia, through cytokine production. Both cells
cooperate to release various growth factors like IGF1 and nerve growth factor that may
promote healing after TBI (Burda and Sofroniew, 2014).

Peripheral innate immune activation

The inflammatory response following TBI is not confined to the CNS (Keel and Trentz,
2005; Lu et al., 2009; Weaver et al., 2015; Wilcockson et al., 2002). It is how known that an
isolated brain injury can cause complex alterations in the systemic immune system.
Disruption of CNS vasculature and critical barrier structures following TBI results in the
leakage of debris and inflammatory mediators into the periphery, contributing to a
complication referred to as the systemic inflammatory response syndrome (SIRS) (Lu et al.,
2009; Plog et al., 2015; Wilcockson et al., 2002). This syndrome is defined by alterations in
circulating leukocyte numbers, complement proteins, coagulants, inflammatory cytokines,
etc. (Lu et al., 2009; Wilcockson et al., 2002). The body in turn attempts to compensate for
SIRS through the release of anti-inflammatory cytokines that can promote immune
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dysfunction and / or enhance susceptibility to infection in peripheral tissues. Global systemic
immune dysfunction further complicates the already difficult scenario of dealing with the
primary brain injury and the local inflammatory response.

One family of key mediators of the systemic innate inflammatory response is the
complement system. There are three basic pathways that can initiate the complement
cascade (classical, alternative, and lectin), and these all give rise to a C3 convertase that
promotes activation of C5 and ultimately assembly of a membrane attack complex
consisting of C5b to C9 (MAC) (Holers, 2014). The complement system can profoundly
amplify inflammatory reactions and participates in many functions, including opsonization,
phagocytosis, immune cell chemotaxis, and cell lysis, among others. Various complement
components such as C3, factor B, and C5b-9 have been found in the CSF of TBI patients
(Kossmann et al., 1997; Stahel et al., 2001), and even correlate with the severity of BBB
dysfunction (Stahel et al., 2001). Antagonism of the complement cascade in various animal
models of TBI has been uniformly neuroprotective, including components such as C4
independent of terminal complement activation (Fluiter et al., 2014; Leinhase et al., 20063;
Leinhase et al., 2007; Leinhase et al., 2006b; Longhi et al., 2009; Rich et al., 2016; Stahel et
al., 2009; You et al., 2007). Even though the complement system plays a positive role in the
development and maintenance of the CNS under steady state conditions (Stephan et al.,
2012; Stevens et al., 2007), it appears that complement activation and complement
components such as C4 are primarily pathogenic following TBI.

Alerting the periphery is a standard CNS injury response. It is, however, the magnitude,
localization, and quality of this response that influence outcome following TBI. After
activation of CNS resident myeloid cells, neutrophils are usually among the first peripheral
immune cells to arrive in contused brain and do so within just a few hours (Carlos et al.,
1997; Clark et al., 1994; Roth et al., 2014; Szmydynger-Chodobska et al., 2009). They enter
by extravasating across inflamed vessels, via leptomeninges, or through the choroid plexus
located in the ventricular system (Carlos et al., 1997; Szmydynger-Chodobska et al., 2009).

After TBI, there is a noticeable increase in leukocytes in peripheral circulation, related to
catecholamine and cortisol surges as well as an increase in their life span and numbers. A
recent study has shown there is a significant surge in the number of peripheral neutrophils in
the early hours after TBI that lasts until 48 hrs post-injury (Rhind et al., 2010). The
infiltration of neutrophils into the CNS is directed by purines, cytokines, and chemokines.
Elevated expression of cytokines, such as TNF-a and IL-1p, from damaged tissue after TBI
induces the secretion of neutrophil chemoattractant molecules (e.g. CXCL1, 2, 3) by the
choroid plexus epithelium (Szmydynger-Chodobska et al., 2009). This combined with
expression of adhesion molecules (e.g. ICAM-1) facilitates migration of neutrophils across
the blood-CSF-barrier and sometimes into the brain parenchyma. There is also more recent
evidence that neutrophils and monocytes can enter the subarachnoid space via pial
microvessels near the site of brain injury (Szmydynger-Chodobska et al., 2016).

The anatomical position of neutrophils within the lesion is likely determined by the time and
the extent of damage. For example, a recent intravital imaging study demonstrated that
following cortical injury neutrophils localized almost exclusively to the meninges and
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perivascular spaces (not the brain parenchyma) within the first 24 hrs (Roth et al., 2014). A
similar perivascular neutrophil distribution was observed at 24 hrs in human TBI patients
(Holmin et al., 1998). Parenchymal invasion was not seen until 3-5 days post-injury,
concurrent with the arrival of a more diversified immune response, consisting of monocytes /
macrophages and T cells. The contribution of neutrophils to TBI pathogenesis varies based
on the experimental model. In one study of CCI, neutrophil depletion reduced edema,
microglia activation, and activated caspase-3* cells (a surrogate for cell death) in mice at 24
hrs (Kenne et al., 2012). Depletion did not, however, affect BBB leakage (Kenne et al.,
2012; Whalen et al., 1999). Similar results were obtained in mice genetically deficient in
CXCR2, a chemokine receptor important for neutrophil recruitment (Semple et al., 2010b).
While these data suggest that neutrophils are inherently pathogenic, it is important to note
that neutrophils can play a beneficial role in wound-healing responses (Lammermann et al.,
2013) and even promote neurological recovery following injury (Stirling et al., 2009).
Neutrophils can be recruited to sites of sterile injury via P2X7 and formyl-peptide receptor
dependent signaling (McDonald et al., 2010), and antagonism of this response following
cortical injury was shown to enhance meningeal cell death in a mild focal brain injury model
(Roth et al., 2014). Future studies are required to determine how early neutrophil responses
influence subsequent tissue repair after TBI and why neutrophils are injurious in some TBI
models but not others. Blocking the influx of neutrophils after TBI can be neuroprotective.
A recent study showed that blocking CD11d, a marker of both neutrophils and macrophages,
after moderate and consecutive mild fluid percussion injuries in rats improved neurological
outcomes (Weaver et al., 2015). Depleting neutrophils was found to be associated with
decreased brain edema, tissue loss, and monocyte activation in a CCI model of TBI (Kenne
et al., 2012). Functionally, the pathogenic capacity of neutrophils might be linked to changes
in oxidative activity (i.e., ROS), which is evident early after human TBI with altered
expression of the enzymes iNOS and NADPH oxidase (Liao et al., 2013).

In rat CCI models, modulation of systemic neutrophils did not affect brain edema and only
modestly affected BBB damage (Whalen et al., 1999; Whalen et al., 2000), but antagonism
of neutrophil elastase was beneficial in an immature rodent CCIl model (Semple et al., 2015).
Neutrophil recruitment to the injured brain is typically followed by the arrival of monocytes
that convert into macrophages. Macrophages can contribute to both tissue injury and repair
depending on their functional properties (Rua and McGavern, 2015; Wynn and Vannella,
2016). Following CNS damage, infiltrating monocyte-derived macrophages will often
contribute to the injury response alongside yolk-sac derived tissue-resident myeloid cells
like microglia. If successful these responses should help foster tissue remodeling and
perhaps even regeneration; however, sustained pro-inflammatory macrophage activity is
considered maladaptive and can actually promote further damage (Wynn and Vannella,
2016).

In TBI patients, monocytes enter the perivascular spaces and brain parenchyma within 1-2
days, differentiate into macrophages and can remain there for weeks after the injury
(Beschorner et al., 2002). One mechanism of monocyte recruitment following TBI is reliant
on local production of the chemokine CCL2, which can be produced by choroid plexus
epithelium and is found in the CSF of TBI patients (Semple et al., 2010a; Szmydynger-
Chodobska et al., 2012). This promotes the recruitment of CCR2* monocytes, and
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interference with this pathway decreases lesion size and promotes neurological recovery in
animal models of TBI (Gyoneva et al., 2015; Hsieh et al., 2014; Morganti et al., 2015;
Semple et al., 2010a). These data suggest CCR2* pro-inflammatory monocytes exacerbate
TBI pathogenesis. Given that macrophages also have the capacity to promote repair
following CNS injury in a TREM2-dependent manner (Saber et al., 2016; Shechter et al.,
2009; Wattananit et al., 2016), it will be important in future studies to identify the specific
monocyte subsets and the molecular mechanisms that give rise to pathogenic vs. non-
pathogenic responses in TBI models that feature macrophages as a relevant pathogenic
entity. Despite significant advances in understanding the role of monocyte subsets in
experimental spinal cord injury (Blomster et al., 2013; Huang et al., 2014; Thawer et al.,
2013), and more recently experimental stroke (Grosse et al., 2016; Kraft et al., 2015), similar
data defining the functional roles of monocyte subsets in TBI models are currently lacking.
Moreover, while it is clear that monocytes contribute robustly to cerebral contusion, it
remains unknown whether or not monocytes infiltrate the brain and contribute to the
pathogenesis of concussion TBI, which represents the vast majority of TBI cases. This
important question remains to be addressed in animal models and humans with concussion.

The ability to distinguish microglia from invading peripheral monocytes has only recently
become practical and easily done. Levels of CD45 expression have been used in the past, but
it is not clear that one marker alone can distinguish between the two cell types. In this
regard, recent transcriptomic data defining the molecular signature of microglia vs.
monocytes and macrophages will help address this concern in future TBI studies (Gautier et
al., 2012; Goldmann et al., 2016; Hickman et al., 2013). This has important clinical and
therapeutic aplications since circulating monocytes are more amenable to pharmacologic
manipulation than microglia, which reside behind the BBB.

Cytokines and other inflammatory proteins

Cytokines—Cytokines can be secreted by various cells in the CNS following TBI, and can
have either pro- and/or anti-inflammatory properties (Ziebell and Morganti-Kossmann,
2010). As mentioned, IL-1p and IL-18 are both downstream of inflammasome activation and
are often produced during sterile injury responses. IL-1pB, for example, is elevated in the CSF
of severe TBI patients for at least 24 hrs before declining, and is associated with increased
intracranial pressure and a more unfavorable outcome (Hayakata et al., 2004; Shiozaki et al.,
2005). A pathogenic role for IL-1f was suggested in animal studies, which revealed that
administration of an IL-1 receptor antagonist reduced TBI lesion volumes and improved
neurological function (Jones et al., 2005; Sanderson et al., 1999). Similar findings were
uncovered with 1L-18, which was detected early following TBI in humans and rodents
(Yatsiv et al., 2002). Therapeutic administration of an IL-18 antagonist to mice one hour
after brain injury enhanced neurological recovery (Yatsiv et al., 2002). These data suggest
that IL-1p and IL-18 both exacerbate TBI pathogenesis in cerebral contusion models.

IL-6 and tumor necrosis factor alpha (TNF-a) are two additional pro-inflammatory
cytokines up-regulated after TBI; however, these cytokines can foster both positive and
negative outcomes. Interestingly, levels of IL-6 in the CSF were associated with a favorable
outcome in children with severe TBI (Chiaretti et al., 2008). This finding is supported by

Neuron. Author manuscript; available in PMC 2018 September 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Jassam et al.

Page 17

murine studies showing that IL-6 deficiency slowed recovery from TBI, whereas transgenic
overexpression of IL-6 in astrocytes hastened the healing process through a mechanism
thought to depend on improved re-vascularization of the injury site (Swartz et al., 2001).
TNF-a, on the other hand, is also elevated in TBI patients (Goodman et al., 1990), and
several studies suggested that early blockade of this cytokine after injury was
neuroprotective (Chio et al., 2010; Shohami et al., 1996). However, it is important to note
that mice genetically deficient in TNF-a showed less severe neurological deficits 7 days
after TBI, yet the opposite was observed at 2-4 weeks post-injury. At these later time points,
TNF-a-deficient mice had larger lesions and more impaired motor functions relative to wild
type control mice (Scherbel et al., 1999). These data suggest that TNF-a has a dual role
following cerebral contusion, contributing to acute pathogenesis as well as tissue repair and
recovery of neurological function. Interestingly, concomitant genetic inhibition of TNF-a
and Fas receptor reduced tissue damage and improved functional outcome after CCl, but
worsened functional outcome in a mouse concussion model characterized by impact and
head acceleration without structural brain damage (Bermpohl et al., 2007; Yang et al., 2010)
These findings underscore the important concept that specific molecular mechanisms can
have divergent functions in different pathoanatomical models of TBI, and suggest that
targeting TNF-a/Fas in patients with cerebral contusion may be beneficial but harmful in
those with concussion.

Inflammatory responses are usually counterbalanced by anti-inflammatory cytokines such as
IL-10 and TGF-B. IL-10 is a potent anti-inflammatory cytokine that signals through STAT3,
is found in the CSF of TBI patients (Csuka et al., 1999; Shiozaki et al., 2005), and has been
associated with circulating monocytes (Shimonkevitz et al., 1999). Intravenous (but not
intrathecal) injection of IL-10 prior to injury was shown to reduce TNF-a expression and
improve neurological recovery in rats following fluid percussion injury (Knoblach and
Faden, 1998). These data indicate that IL-10 can be neuroprotective when administered early
after injury and that it may need to act on the peripheral immune system. TGF-p is another
pleiotropic cytokine with immunoregulatory properties that is found in CSF of TBI patients
(Csuka et al., 1999; Morganti-Kossmann et al., 1999). Following weight drop TBI in rats,
TGF-B1 was expressed in pericontusional neurons and astrocytes (Wang et al., 2015).
Knockdown of TGF-B1 in the pericontusional area using a ShRNA approach resulted in
increased neuronal cell death, reduced astrogliosis, and enhanced neurological deficits.
These data indicate that TGF-B1 is neuroprotective and promotes astrogliosis in this rat TBI
model.

Matrix metalloproteinases (MMPs)—MMPs are a family of calcium-dependent zinc-
containing endopeptidases that have diverse physiological and pathological functions,
including degradation of extracellular matrix, regulation of cytokines/chemokines, cleavage
of surface receptors, efc. (Merma and Hansch, 2007). These enzymes are made as zymogens
that must be converted into an active form by removal of a pro-peptide domain. Once active,
MMPs act on many different substrates to mediate their biological effects. The pattern of
MMP expression may in some instances even serve as an inflammatory biomarker. For
example, analysis of extracellular brain fluid from severe TBI patients revealed a temporal
expression pattern of MMPs, with MMP-8,9 appearing first, followed by MMP-2,3, and
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finally MMP-7 (Roberts et al., 2013). Interestingly, expression of the neutrophil collagenase,
MMP-8, was associated with increasing intracranial pressure and was higher in patients that
died after TBl. MMP expression also appears to vary anatomically in TBI patients.
Quantification of MMPs in TBI patients with contusions revealed heightened expression of
MMP-9 (a gelatinase) in pericontusional brain within 72 hrs of injury, leading the
investigators to suggest its participation in hemorrhagic progression and vasogenic edema
(Guilfoyle et al., 2015). However, it is unclear based on these associative data whether
MMP-9 is pathogenic or neuroprotective in this context.

To gain additional insights into the role of MMPs during TBI, several studies have focused
on animal models. CCI in mice was shown to elevate MMP-9 expression in brain lesions for
up to one week (Wang et al., 2000). Genetic deletion of MMP-9 in mice resulted in reduced
brain lesions and motor deficits when compared to wild type controls (Wang et al., 2000).
These genetic findings were confirmed using an MMP-9 inhibitor that reduced microglia
activation, astrogliosis, brain lesion volumes, neuronal loss, and neurological dysfunction
(Hadass et al., 2013). Mechanistically, it is thought that MMP-9 enhances TBI pathogenesis
by fostering BBB breakdown and promoting vasogenic edema (Mori et al., 2002; Shigemori
et al., 2006). Thus, MMP-9 antagonism might offer some therapeutic benefit in TBI
subtypes with these histopathological features. How other MMPs influence TBI pathology
and immune function remains to be determined.

In addition to the roles of MMP-2,9, tissue inhibitors of metalloproteinases (TIMPs) 1 and 9
were reported to be increased following CCl in rats (White et al., 2013). Interestingly, in
humans TIMP-1 levels correlated with increased mortality and served as a possible
biomarker for injury severity (Lorente et al., 2014). TIMP-3 is another member of this
family that was found to be elevated in both injured and uninjured brain hemispheres after
fluid percussion injury in rats - a response that was blocked by mild hypothermia (Jia et al.,
2014).

Adaptive immunity

The role of adaptive immunity following TBI is not entirely clear. In general, tissue damage
throughout the body results in activation of the immune system by endogenous DAMPs and
presentation of self-antigens. This, however, does not necessarily result in pathogenic
autoimmunity. Studies have shown that autoreactive T cells specific to CNS antigens (e.g.
myelin basic protein) can be isolated from the blood of healthy individuals (Burns et al.,
1983) as well as those with TBI (Cox et al., 2006). TBI can induce a cell-mediated immune
response (Clausen et al., 2007; Czigner et al., 2007; Lenzlinger et al., 2001), with T cells
being recruited to the CNS independent of their specificity (Hirschberg et al., 1998).
Paradoxically, autoreactive CD4™ T cells specific to CNS antigens were shown to protect
injured axons following damage (Moalem et al., 1999; Schwartz, 2000). This might be due
in part to the ability of CD4" T cells to release I1L-4 in areas of CNS injury (Gadani et al.,
2012). In fact, a recent study demonstrated in a model of spinal cord injury that infiltrating
CD4* T cells can sense DAMPS and produce IL-4 in an MHC lI-independent manner,
which then acts via neuronal IL-4 receptors to potentiate neurotrophin signaling and
promote recovery of injured neurons (Walsh et al., 2015). These data demonstrate that T
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cells can be neuroprotective even in the absence of T cell receptor engagement; however, it
remains to be determined whether a similar type of neuroprotective response can be elicited
following TBI. Even humoral immune responses have been observed following head injury
(Rudehill et al., 2006), although a study focused on a closed skull model of head injury
revealed no difference in injury severity or neurological impairment between wild type and
recombination-activating gene 1 (RAG-1) deficient mice (Weckbach et al., 2012). Because
RAG-17/~ mice have no T or B cells, these data indicate that adaptive immunity plays little
role in this model of head injury (at least within the first week of injury). Additional studies
are required to evaluate the role of adaptive immune cells in other models of TBI and at later
time points post-injury.

TBI-induced chronic neuroinflammation

There is growing evidence to support that TBI is a major risk factor for developing many
neurological disorders, including Alzheimer’s disease (AD), chronic traumatic
encephalopathy (CTE), and other neurodegenerative diseases (Bloom, 2014; Chen et al.,
2007; Giunta et al., 2012; McKee et al., 2009). Repeated mild traumatic brain injury (mTBI)
can cause sustained cognitive and psychiatric changes as well as neurodegeneration, but the
underlying mechanisms remain unclear. Chronic inflammation induced by brain injury is
proposed to be a major player in the pathophysiology of neurodegenerative disorders
(Aungst et al., 2014; Johnson et al., 2013).

Many studies have linked TBI to AD and suggest a dose-dependent relationship between
head injury and the predisposition to dementia. The pathological mechanisms underlying
this predisposition include disruption of white matter tracts and neural networks, reduced
cognitive reserves, and release / deposition of amyloid beta (AB) and tau (Bloom, 2014;
Mendez, 2017). The accumulation of neurotoxic forms of Ap and tau are believed to cause
neuroinflammatory responses that drive AD pathogenesis after TBI (Heneka et al., 2015).
Future studies to target chronic inflammatory responses after brain trauma might offer a
therapeutic intervention to limit the risk of AD development in TBI patients (Loane et al.,
2009).

TBI is also linked to a delayed onset progressive neurodegenerative disease, referred to as
chronic traumatic encephalopathy (CTE), which is associated with a prolonged history of
repetitive head injuries (both concussive and subconcussive) and has been reported in sports
athletes as well as soldiers exposed to blasts (Reams et al., 2016). Clinically, CTE is post-
mortem diagnosis that associates with behavioral changes, including executive and cognitive
impairments (McKee et al., 2013; Reams et al., 2016). Pathologically, CTE is characterized
by frontal and temporal lobe atrophy, neuronal and axonal loss, and abnormal deposits of
proteins, including phosphorylated tau (pTau) and 43 kDa TAR deoxyribonucleic acid
(DNA)-binding protein (TDP-43) (McKee et al., 2014; McKee et al., 2013).

Studies have demonstrated increased densities of activated microglial and tau pathology
after repetitive head injuries, suggesting a role for a persistent neuroinflammatory response
in the development of TBI-induced CTE (Loane et al., 2014; McKee et al., 2014). This is
further supported by recent /7 vivo brain imaging studies of football athletes, which revealed
evidence of chronic microglial activation (Cherry et al., 2016; Coughlin et al., 2017).
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Interestingly, research in murine AD models has shown that neuroinflammatory cytokines
and reactive microglia can promote tau pathology and contribute to the spread of pTau,
which might explain the link between TBI-induced inflammation and CTE (Ghosh et al.,
2013; Maphis et al., 2015). Additional studies are required to investigate the mechanism(s)
underlying tau accumulation and the role of microglia / astrocytes in the neurodegenerative
diseases that develop following TBI. A comprehensive understanding of the relationship
between TBI and neurodegenerative diseases will require development of novel animal
models that enable us to study the factors that initiate AB accumulation as well as tau
phosphorylation and aggregation. In addition, more advanced clinical neuroimaging (e.g.
PET imaging to detect pathological tau and amyloid deposition) is needed to explore the
mechanisms driving chronic neurodegeneration after TBI in humans and selecting patients
for potential future therapies.

FUTURE DIRECTIONS

In future studies, it will be exciting to use recent advances in our understanding of microglial
biology during development, aging, neurodegeneration, and CNS repair to better dissect the
role and function of microglia following TBI. A baseline transcriptome has been established
for microglia in the healthy and aged brain using RNA-Seq technology (Hickman et al.,
2013), and a similar approach was used to define the transcriptome for other brain resident
myeloid cell populations such as meningeal, perivascular, and choroid plexus macrophages
(Goldmann et al., 2016). It will be important to use this information to define the unique
transcriptional changes that occur in CNS resident myeloid cells at different stages of TBI
and in different TBI models. It will also be important to consider the anatomical position of
the responding myeloid cells and the location(s) of the brain injury in order to refine our
mechanistic understanding of the factors that give rise to TBI pathogenesis and recovery. In
this regard, we propose to steer away from the M1 vs. M2 classification for microglia and
other myeloid cells during TBI (Ransohoff, 2016) and define a TBI subset-specific profile
similar to those established for microglia in amyotrophic lateral sclerosis (Chiu et al., 2013)
and aging (Hickman et al., 2013). In fact, the majority of published papers that classify
microglia as M1 vs M2 rely on a handful of transcripts that are up or down (Kumar et al.,
2016; Loane and Kumar, 2016). We believe that a more global view of the microglia is
necessary, as M1 vs M2 does not necessarily reflect all aspects of microglial function and
should not be used to guide the development of potential therapies. Instead, we propose that
specific transcriptional networks for microglia in TBI should be defined and
immunomodulatory therapies developed against pathways that dampen neurogenerative
programs while promoting tissue remodeling and homeostasis. Identification of TBI-specific
myeloid cell signatures based on anatomical location and the stage / type of injury will
significantly advance the TBI field and aid in the development of therapies to improve
clinical outcomes by modulating myeloid cell target genes.

Traditionally, immune cell subsets are divided into brain resident and peripherally-derived.
For example, one common division in the TBI community is to consider microglia
separately from monocytes. This is indeed an important distinction, but it is important to
consider that there are several different subsets of monocytes (e.g. classical, non-classical) as
well as brain resident myeloid cells (e.g. microglia, meningeal macrophages, perivascular
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macrophages, choroid plexus macrophages). Thus, it is essential to develop and utilize new
genetic tools to study these distinct populations in the context of TBI. Progress has already
been made in this area and new tools are always under development. Inducible CX3CR1-
GFP-Cre mice have been used to delete specific genes from microglial and other myeloid
cell populations (Parkhurst et al., 2013). Studies have shown, for example, that microglia
participate in synaptic pruning during learning (Parkhurst et al., 2013) as well as in
pathological conditions such Alzheimer’s disease (Vasek et al., 2016). While these mice
have proven useful, CX3CR1 is expressed in most myeloid cell populations throughout the
body, making it challenging to delete genes from individual populations. More recently,
Sall1 was identified as a gene expressed specifically in microglia, and an inducible Sall1-cre
mouse was generated to remove genes from this cell population alone (Buttgereit et al.,
2016). This type of approach should be used to interrogate all of the different myeloid cell
subsets as well as other innate immune populations in different models of TBI, as there is
still much to learn about the role of innate immunity during brain damage and repair.

Another critical area of future study is the delineation of inflammatory processes that
mobilize in response to pathoanatomically distinct types of TBI (e.g. focal contusion vs.
diffuse concussion vs. meningeal damage) (Xiong et al., 2013). This is an important area of
investigation for several reasons. First, knowing the aspects of a region-specific
inflammatory response that mediate damage vs. repair in different types of TBI will aid in
the design of tailored clinical trials for TBI patients with the appropriate pathoanatomic
lesions and at the appropriate stage of injury. Second, inflammation-targeted therapies may
have differential effects based on the type (e.g. focal vs. diffuse) and stage (acute vs.
chronic) of injury (Bermpohl et al., 2007; Khuman et al., 2011; Park et al., 2012; Zhu et al.,
2014); thus, stratifying TBI data based on anatomical features, time, and severity may help
to better predict the efficacy of inflammation-based therapies that enter clinical trials.

CONCLUDING REMARKS

Experimental and human TBI induces an immune response comprised of local and
peripherally-derived participants. These responses are initiated within minutes and can
continue for decades if the injury is not resolved or gives rise to a chronic disorder such as
chronic traumatic encephalopathy (CTE) (McKee et al., 2015). Sterile immune responses are
evolutionarily conserved reactions designed to ward off pathogens and promote wound-
healing. Thus, the immunological response to TBI should not be considered inherently
pathogenic. Studies have clearly shown beneficial aspects of CNS immunity following brain
injury such as preservation of barrier function, clearance of debris, resolution of
inflammation, and the release of trophic factors. Innate and adaptive immune cells can play
an essential role in successful wound-healing responses and the restoration of tissue
homeostasis. On the other hand, there are maladaptive aspects to CNS injury responses that
can exacerbate TBI pathology and promote a chronic inflammatory state. The failure to
resolve a robust pro-inflammatory reaction can negate the beneficial aspects of an immune-
mediated wound-healing response. Identifying the factors that sustain pathogenic pro-
inflammatory reactions is critical to the development of efficacious TBI therapies in humans.
Rather than completely ablate the immune response to TBI, future studies should focus on
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therapeutically guiding TBI immunity toward a favorable wound-healing response that
rapidly stabilizes or even restores CNS function.
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Highlights
Traumatic brain injury (TBI) is a leading cause of morbidity and disability.

Neuroinflammation is an important manipulable aspect of secondary injury following
TBI.

A sterile immune response develops within minutes of TBI and have lasting effects.

A new paradigm that moves away from the M1/M2 classification is needed.
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Figure 1. Temporal progression of the immune response to contusion TBI
Phase | begins within minutes of brain injury due to the release of alarmins from the

damaged meninges, glial limitans, and parenchyma, such as ATP, HSPs, HGMB1, etc. These
signals bind to PAMP and DAMP sensors like TLRs and purinergic receptors that induce
immediate activation of resident myeloid cells (e.g. microglia) and inflammasome assembly
(NALP1) that promotes the generation of mature IL-1p and IL-18. In addition, NFxB
translocates to the nuclei of these cells and induces an immunological program involving
cellular proliferation and the release inflammatory amplifiers such as chemokines, cytokines,
ROS, and NO, among others. Phase 1 also includes complement activation and the
recruitment of neutrophils to the meninges and perivascular spaces. Neutrophil recruitment
depends in part on purinergic receptor signaling. Secondary damage to CNS tissue occurs in
Phase 1 and can continue into Phase 2. This can be mediated by inflammatory cytokines,
complement, and ROS. T cells and monocytes are recruited to the damage site in Phase 2,
where monocytes convert into macrophages and T cells have the ability to produce
neuroprotective cytokines in response to alarmins. Macrophages participate in the cleanup of
debris and damaged cells. Based on their state of functional activation, they can either
promote further damage or initiate the process of inflammatory resolution and tissue repair.
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Inflammation can continue for an extended period of time into Phase 3. Self-antigens
released from damaged neural cells can be presented by local APCs to T cells. The ideal
outcome during Phase 3 is resolution of the inflammatory response, release of trophic
factors, and isolation damaged areas via astrocytes. However, this is does not always occur
following TBI and chronic inflammation can persist. Abbreviations: APC, antigen-
presenting cell; ATP, adenosine triphosphate; BDNF, brain-derived neurotrophic factor;
CCL2, chemokine (C-C motif) ligand 2; CXCL1, chemokine (C-X-C motif) ligand 1;
CXCL2, chemokine (C-X-C motif) ligand 2; DAMP, damage associated molecular pattern
molecules; HSPs, heat shock proteins; HMGB1, high mobility group box 1 protein; IGF-1,
insulin-like growth factor-1; IL-1, interleukin-1; IL-4, interleukin-4; IL-10, interleukin-10;
iNOS, inducible nitric oxide synthase; MyD88, myeloid differentiation primary response
gene 88; NALP1, NAcht leucine-rich repeat protein 1; NT-3, neurotrophin-3; NFxB, nuclear
factor kappa-light-chain-enhancer of activated B cells; MBP, myelin basic protein; M-CSF,
macrophage colony stimulating factor; NO, nitric oxide; PAMP, pathogen-associated
molecular pattern; ROS, reactive oxygen species; TGF-B, transforming growth factor beta;
TLR, toll-like receptors; TNF-a, tumor necrosis factor-alpha
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Normal Microglia Microglia Responding to Damage

Figure 2. Acute microglial dynamics following mild focal cortical injury
(A, B) Representative confocal images captured within the brain of a CX3CR19™/* (green)

mouse 3 hours following cortical injury show two microglia (red asterisks; panel B)
extending processes (white arrowheads) toward the injured glial limitans (white dotted line)
(Roth et al., 2014). Uninvolved, ramified microglia beneath the area of injury are shown in
panel A for comparison. Cell nuclei are blue. (C, D) Representative time lapses captured by
intravital two-photon microscopy through the thinned skull window of CX3CR197/* mice
following mTBI. Panel C is a time lapse (beginning 5 min post-injury) depicting the
morphological transformation of ramified microglia into “honeycomb” like structures that
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circumscribe individual astrocytes (white asterisks) within the injured glial limitans. These
structures provide barrier support. Panel D shows the convergence of phagocytic “jellyfish”
microglia into an area of heavy brain damage (white dotted line). These cells participate in
the phagocytic clearance of debris.
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